An ongoing challenge for ecological studies has been the collection of data with high precision 28
Introduction 53
Biodiversity loss and the risks it poses to ecosystem functions and services remain a major 54 societal concern (Cardinale et al. 2012), but due to a lack of consistently-observed data, there is 55 no consensus regarding the speed or severity of this decline (Vellend et al. 2013; Newbold et al. 56 2015) . There are very few ecosystems in which we can quantify the magnitude of degradation, 57 nor can we discriminate among multiple stressors, both key goals for environmental monitoring 58 programs (Bonada et al. 2006 ). The power to detect change in ecological communities has 59 been hampered by sampling costs predominantly associated with human labour and travel. As a 60 result, ecosystem monitoring programs must manage a trade-off between the scope of a study, 61
including the phylogenetic breadth of taxon coverage and the resolution to which taxa are 62 described, and its spatial and temporal coverage (e.g. tropical forests Gardner et al. 2008 ; 63 marine sediments Musco et al. 2009 ). A history of such trade-offs has led to entrenched 64 practices relying on observation of a narrow range of taxa, which aim to provide a surrogate for 65 the full biodiversity complement, yet whose taxonomic, spatial or temporal relationships are 66 largely undefined (Lindenmayer & Likens 2011). The troubling reality is that management 67 decisions are informed by very limited and potentially biased information, generated by 68 approaches that no longer reflect our understanding of how ecosystems and species interact 69 (Woodward, Gray & Baird 2013) . 70 71 Fortunately, technological advances offer the opportunity to generate high-quality biodiversity 72 data in a consistent manner, radically expanding the scope of ecosystem monitoring (e.g. 73 Turner 2014; Bush et al. 2017 ). One of the most promising of these is the technique of DNA 74 metabarcoding, which supports the massively-parallelised taxonomic identification of organism 75 assemblages within a biological sample. The application of this method in ecosystem 76 monitoring, termed "Biomonitoring 2.0" (Baird & Hajibabaei 2012 ) uses this approach to support 77 5 the generation of higher level ecological knowledge that supports advances in our 78 understanding of metacommunity and food-web theory (Bohan et al. 2017) . When fully realised, 79 DNA metabarcoding will provide a universal platform to identify any, and potentially all, 80 phylogenetic groups occurring within an ecosystem, including many taxa currently not 81 identifiable by expert taxonomists (e.g. streams: Sweeney et al. 2011 ; rainforest: Brehm et al. 82 2016; marine zooplankton: Zhang et al. 2018 ). As DNA sequencing capacity continues to 83 increase, there is a growing interest from ecological researchers and environmental managers 84 for guidance in how to apply these new tools, and to provide clear evidence of their value 85 relative to existing microscopy-based methods. However, it is important to emphasise that 86 comparisons between traditional morphological identifications and DNA sequences are far from 87 straightforward. For example, while metabarcoding can observe the occurrence of DNA 88 sequences within a specified environmental matrix (e.g. soil sample), it does not currently 89 discriminate between intact, living organisms and their presence as parts, ingested, or 90 extraneous tissue. While some may see this as a challenge to be overcome, to retrofit a new 91 method to an old system of observation, we view this as an opportunity to expand our universe 92 of interest and gain new insight into ecosystem structure and function (Bohan et al. 2017 degradation inferred rather than supported by direct evidence. After decades of research, our 106 ability to disentangle the influence of even the most basic drivers that impact the state of 107 freshwater ecosystems is still limited (Woodward, Gray & Baird 2013) . 108
Our unit and universe of observation 109 The science of aquatic biomonitoring is based on the principle that site-level observations of 110 biological assemblage structure integrate responses to prevailing environmental conditions over 111 space and time, reducing the intensity of sampling required to detect stressor-related changes 112 in the environment, and providing an immediate signal of "ecosystem health" (Friberg et al. 113 2011). However, consistently observing more than a narrow range of taxa within an ecological 114 community has proved costly and impractical, with accuracy of identification often unrecorded or 115 difficult to quantify, and varying across taxa. The observation universe is further constrained by 116 sampling method (e.g. mesh-size of collection nets), rather than common phylogenetic or 117 ecological characteristics, with further downgrading or exclusion of groups that are difficult to 118 identify (e.g. Vlek, Šporka & Krno 2006) . Even with the best taxonomic expertise available, it is 119 practically impossible to identify all specimens to species-level, since many early life-stages lack 120 necessary diagnostic features (Orlofske & Baird 2013 species is less common than its parent taxonomic group, there will be fewer observations with 198 which to establish reliable associations, and their inclusion could add noise to statistical models, 199 echoing the long-running debate about the value of rare taxa in biomonitoring (Nijboer & 200 10 Schmidt-Kloiber 2004). This "noise" is not only due to the stochastic occurrence of uncommon 201 species, but also sampling error, which can be quantified before discarding data (Clarke 2009; 202 Ficetola, Taberlet be overstated that this is a significant improvement on the documented ability of current best-319 available morphological identification, and is accompanied by an ability to drill down to species-320 level, which will only improve as DNA libraries become more complete. To further improve DNA-321 based identification by barcodes, agencies considering the transition to metabarcoding should 322 support targeted specimen collection, and accelerate the digitisation of existing museum-323 collected material to improve geographic and taxonomic library coverage (Stokstad 2018) . 324
Contamination 325
The detection sensitivity of metabarcoding has raised concerns that the number of false 326 positives will increase, particularly due to the adventitious introduction of DNA that did not 327 originate from the sampled site. Existing ecological sampling protocols often recommend 328 cleaning of equipment between surveys to reduce transfer of invasive species or pathogens, 329 and a more rigorous version of this practice should be adopted as standard practice to reduce 330 the possibility of cross-sample contamination with DNA. Quality control and assurance practices 331 are particularly crucial in eDNA studies that amplify trace amounts of DNA; these studies often 332 include various controls, such as samples from localities that are believed to lack the target 333 taxa, extraction blanks, and equipment controls. A combination of replicate sampling and 334 appropriate controls can then quantify the rate of false-positives and false-negatives before 335 observations are confirmed (Ficetola et al. 2015) . Thus, although it is difficult to eliminate the 336 possibility of cross-contamination altogether, it is possible to greatly reduce its occurrence and 337 precisely quantify the probability of errors to support study quality assurance and control. 338
Quantitative measures of biodiversity 339
As stated above, DNA metabarcoding results do not currently produce a reliable signal of 340 abundance or biomass (Elbrecht & Leese 2015). Nonetheless, it is equally misleading to 341 suggest that current biomonitoring practices are themselves able to effectively detect 342 differences in macroinvertebrate abundance without substantial effort. The difficulty of 343 processing samples, coupled with species' patchy distributions, means few studies can claim to 344 have truly quantified patterns of abundance for multispecies invertebrate assemblages (e.g. Our purpose in developing DNA metabarcoding as an observational tool has been to explore its 388 ability to provide consistently-observed information to answer routine questions posed by 389 managers (e.g. is biological composition at a site significantly different from expectations, and if 390 so, is there evidence of impact?). Comparisons between metabarcoding and morphology-based 391 methods have involved sorting and identification of a sample using existing taxonomic keys, 392 followed by the reassembly of the sample for metabarcoding ; but see 393 Gibson et al. 2015) . These approaches have demonstrated that DNA metabarcoding recovered 394 ~90% of the taxa identified by morphology, and all false-absences were from taxa that 395 represented <1% of individuals. Most recently, we have also evaluated the similarity of taxa 396 recovered by metabarcoding using paired samples ( Fig. 4 ; GRDI-Ecobiomics 2017). The 397 average similarity of morphological and metabarcoded samples at family-level was 73%, within 398 the range of variation expected for replicate samples (Fig. 1; Clarke better estimate of performance could be the likelihood each family was missed based on their 405 detectability in replicate samples (Fig.4b ). Both methods are likely to have missed many families 406 at least once, but the mean and likelihood of multiple false absences was lower among 407 metabarcoding samples than for samples identified by morphology (Supplement 2). 408 rapidly. This can be done with only minor modification of existing sample collection methods, 419 ensuring backwards compatibility with legacy data. Higher taxonomic resolution, more efficient 420 detection (Fig. 2) , and the capacity to increase spatiotemporal coverage can all increase the 421 statistical power to detect change and diagnose its cause (Bonada et al. 2006) . 
